A hydroxamate siderophore, neoaspergillic acid (1), and a red pigment, ferrineoaspergillin (2) which is an Fe(III) complex of 1, were produced by co-cultures of two epiphytic fungi from a rotten fruit of the mangrove Avicennia marina from the South China Sea, and a new Cu(II) complex of 1, designated as cuprineoaspergillin (3), was also prepared by treatment of 1 with cupric acetate. All the compounds (1-3) were characterized by physical and chemical techniques, including 1 H NMR, ESIMS, and photoelectron energy spectra. In the bioassays, compounds 1-3 showed significant inhibitory activities against selected Gram-positive and Gram-negative bacteria, and compound 1 also exhibited moderate inhibitory activities against human cancer cell lines SPC-A-1, BEL-7402, SGC-7901 and K562.
A large number of microbes can produce metal ion chelators called ionophores, which play important roles in ion-complexing and ion-transporting. Siderophores, a group of low molecular weight iron chelators, can be secreted by many microbes in aerobic, iron-limited environments to enhance iron uptake [1, 2] . Siderophores are being examined as a potential class of pharmaceutical agents to battle different types of cancer, as well as iron overload diseases [3] [4] [5] [6] . In recent studies, iron chelators, such as desferrioxamine, triapine, tachpyridine, Dp44Mt, and PIH, have been tested in cell line tests and clinical trials [7, 8] . They have also been used extensively to treat bacterial infections [9, 10] .
Siderophores can also be produced by marine-derived fungi, but this has not been extensively explored [11] [12] [13] [14] . Two marine fungal siderophores, pistillarin [15] and rhizoferrin [11] , have been structurally characterized. Recently, a copper complex, ZZF51(A), named bis(5butyl-2-pyridinecarboxylato-N1,O2)-copper [16] , was isolated from a marine-derived mangrove endophytic fungus Fusarium sp. ZZF51 from the South China Sea coast. In our screening for bioactive compounds from marine-derived mangrove fungi from this area, a hydroxamate siderophore, neoaspergillic acid (1), and a phenolate siderophore, kojic acid, have been isolated from phenolate siderophore, kojic acid, have been isolated from the mixed fermentation liquid of two marine-derived epiphytic fungi from a rotten fruit of the mangrove Avicennia marina from the South China Sea [17] . Further chemical investigations of the mycelia resulted in not only the repeat isolation of 1, but also the isolation of a red pigment which was identified as an Fe(III)-complex of 1, namely ferrineoaspergillin (2) . A new Cu(II) complex of 1, designated as cuprineoaspergillin (3), was also prepared by adding cupric acetate to 1. We describe herein the biosynthesis, characterization and biological evaluation of compounds 1-3 ( Figure 1 ).
Compound 1 was identified as neoaspergillic acid by comparison with the previous sample (mixed MP, TLC, 1 H NMR) [17, 18] . Red pigment (2), MP 133-135°C, was isolated from mycelia by silica gel column chromatography. This compound was soluble in most organic solvent, but insoluble in water. A sufficiently high quality 1 H NMR spectrum of 2 for precise interpretation could not be obtained because of line broadening {Figure 2 (a)}. Its color and the disturbance of the 1 H NMR spectrum by paramagnetic atoms led us to suspect that it contained iron, which was confirmed by the photoelectron energy spectrum ( Figure 3 ). By treatment of the pigment with 2 mol/L NaOH, dark brown precipitates of ferric hydroxide were obtained (coloring with ferrocyanide ion). From the filtrate, a hydrolysis product, not containing iron, was confirmed as neoaspergillic acid by the photoelectron energy spectrum (Figure 4 ), melting point, mixed melting point, and 1 H NMR spectrum [17] . Accordingly, compound 2 was proposed as a complex salt of neoaspergillic acid with iron. In the ESI-MS of this pigment, a strong peak for the molecular ion at m/z 726.5 [M] + was observed. This result thus indicated that three molecules of neoaspergillic acid chelated with one atom of iron to make a red complex salt. Treatment of an ethanolic solution of neoaspergillic acid (3 mmol) with aqueous ferric sulfate (1 mmol) produced a product that was identical with compound 2 by comparison with mixed fusion. Thus the structure of compound 2 ( Figure 1 ) was elucidated as ferrineoaspergillin, which has also been isolated from terrestrial fungal strains of Aspergillus sp. [19] [20] [21] .
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Compound 3 was obtained as grass-green acicular crystals by treating an ethanolic solution of compound 1 (2 mmol) with aqueous cupric acetate (1 mmol), MP 247-249 o C. A sufficiently high quality 1 H NMR spectrum of 3 for precise interpretation also could not be obtained because of line broadening {Figure 2 (b)}. The photoelectron energy spectrum ( Figure 5 ) indicated that the compound was a complex salt of neoaspergillic acid with copper. The ESI-MS of 3 give a strong peak for the molecular ion at m/z 510.3 [M] + . This result thus indicated that two molecules of neoaspergillic acid chelated with one atom of copper to make a grass-green complex salt, designated as cuprineoaspergillin (3) ( Figure 1 ).
To our knowledge, this is the first record of the isolation of compounds 1 and 2 from marine-derived mangrove fungi, and compound 3 has not been reported previously. The fact that 1 was found in both the extracellular [17] , and intracellular environments, but 2 was found only in the intracellular environment, suggested that the return of siderophore-bound iron to the cells involves the taxicab mechanism [22] , namely, Fe(III) is transferred from extracellular siderophores to intracellular ligands across the cytoplasmic membrane.
Biological evaluation:
The antibacterial effects of compounds 1-3 against three Gram-positive bacteria, Staphylococcus aureus, S. epidermidis, and Bacillus subtilis, and three Gram-negative bacteria, Bacillus dysenteriae, B. proteus, and Escherichia coli, were determined. Compounds 1-3 all showed significant inhibitory effects on the selected Gram-positive and Gramnegative bacteria with MICs in the range of 0.5-62.5 μg/mL (Table 1) ; compound 1 had the strongest inhibitory effect. This is the first report on the antibacterial activities of compounds 2 and 3. As a primary screen for antitumor activities, the cancer cell growth inhibitory activities of compounds 1-3 were examined using SPC-A-1, BEL-7402, SGC-7901 and K562 cell lines ( Table 2 ). Compound 1 exhibited moderate cytotoxicity against all four cell lines, but compounds 2 and 3 did not exhibit significant inhibitory activities against any of the four cell lines. 
Fungal strains:
The two isolates of Aspergillus sp. employed in this study were assigned the accession numbers FSY-01 and FSW-02, and deposited in Foshan University. The fungi were isolated from a rotten fruit of the mangrove Avicennia marina, collected in Zhanjiang, Guangdong province, P. R. China.
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Fermentation and co-culture: Two 1 L Erlenmeyer flasks, each containing 400 mL of the medium GYP (glucose 10 g/L, yeast extract 1 g/L, peptone 2 g/L, crude sea salt 3.5 g/L, natural pH value), were each inoculated with two 0.5 cm 2 agar plugs taken from stock cultures of the isolate FSY-01. The flasks were incubated at 30°C on a rotary shaker for 5-7 days. Isolate FSW-02 was cultivated in the same manner as isolate FSY-01. The co-culture production fermentation was inoculated with the mycelium of isolate FSY-01, then with the mycelium of the isolate FSW-02 immediately. The co-cultures were incubated at room temperature for 30 days.
Extraction and separation:
The total mixed cultures (50 L) were filtered through cheesecloth. The obtained mycelia were air dried, crushed, and then extracted 5 times by soaking in 5 L methanol for 7 days. The residue was chromatographed on silica gel using a gradient elution from light petroleum to ethyl acetate. The eluted fraction from 30% (v/v) ethyl acetate / light petroleum was further purified by repeat CC on silica gel eluting with pure chloroform to give neoaspergillic acid (1) (3.68 g) and ferrineoaspergillin (2) (1.95 g).
Hydrolysis of ferrineoaspergillin (2):
A solution of 50 mg of 2 in methanol (5 mL) was stirred with 2 M NaOH (10 mL) at room temperature for 0.5 h. The mixture was centrifuged to separate Fe(OH) 3 and the supernatant was acidified and extracted with chloroform. After evaporation of the solvent, the residue was crystallized from methanol to give yellow crystals. The 1 H NMR spectrum was identical to that of neoaspergillic acid (1) . Photoelectron energy spectrum (see Figure 4 ).
Preparation of metal complexes of neoaspergillic acid:
Ferrineoaspergillin (2): The iron complex of neoaspergillic acid was prepared by treating an alcoholic solution of neoaspergillic acid (0.3 mmol) with aqueous ferric sulfate (0.1 mmol). The addition of water to the solution caused the salt to separate out as red gum, which was recrystallized from acetone-H 2 O to give red tabular crystals (71 mg) identical to those of natural ferrineoaspergillin.
Cuprineoaspergillin (3): The copper complex of neoaspergillic acid was prepared by treating an alcoholic solution of neoaspergillic acid (0.2 mmol) with aqueous cupric acetate (0.1 mmol). The addition of water to the solution caused the salt to crystallize out as grass-green acicular crystals (50 mg). 
Antibacterial activity assay:

Cytotoxic activity assay:
Cytotoxicities of compounds 1-3 were examined by the 3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H-tetrazolium bromide (MTT) method [23] . Cells were seeded in 96-well plates at densities ranging from 10,000 to 40,000 cells per well depending on the doubling time of each cell line. The samples were dissolved in 1 mL DMSO. Then the solutions were serially diluted with PBS until the final concentrations in the 96well plate were as follows: 100, 50, 10, 5, 1, and 0.1 μM.
The samples of different concentrations (20 μL/well) were added after 8 -12 h seeding. The 96-well plates were incubated for 44 h in a humidified atmosphere of 5% CO 2 at 37°C. Then 50 μL of MTT solution (1 mg / mL MTT in PBS) was added. After 4 h of incubation, the supernatant was discarded by vigorously flipping the plate twice. Finally 100 μL of DMSO was added to dissolve the formazan crystals. The optical density (OD) of the formazan solution was measured at 570 nm by an enzymelabeled detector. Each experiment was performed using 5 replicate wells for each drug concentration. Each absorbance value was expressed as percentage relative to the control cell suspension that was prepared without the samples using the same procedure as that described above. All assays were performed 3 times. Semi-logarithmic plots were constructed from the averaged data and the effective dose of the substance required to inhibit cell growth by 50% (IC 50 ) was determined.
Ferrineoaspergillin (2) Isolated as a red tabular crystal. Supplementary data: Figure 2 : 1 H NMR spectra (400 MHz, CDCl 3 ) of compounds 2 (a) and 3 (b). Figure 3 : Photoelectron energy spectrum of compound 2. Figure 4 : Photoelectron energy spectrum of hydrolysis products of compound 2. Figure 5 : Photoelectron energy spectrum of compound 3.
